We report on the growth of near bulklike InSb on GaAs substrates by molecular beam epitaxy despite the 14% lattice mismatch between the epilayer and the substrate. Structural, electrical, and optical properties were measured to assess material quality. X-ray full widths at half-maximum were as low as 55 arcsec for a 10 m epilayer, peak mobilities as high as ϳ125 000 cm 2 /V s, and carrier lifetimes up to 240 ns at 80 K. © 1997 American Institute of Physics. ͓S0003-6951͑97͒00634-7͔
Bulk InSb is a well established material for high quality thermal imaging in the 3-5 m wavelength range. With the lowest band gap of any binary III-V semiconductor material, it exhibits very low electron effective mass and high mobility. In this letter we report on heteroepitaxially grown InSb with material quality comparable to that of bulk InSb despite the 14% lattice mismatch between InSb and GaAs. Advantages of growing on GaAs as opposed to InSb substrates are higher quality, larger possible areas for detector arrays, lower cost, transparency in the 3-5 m range, and semi-insulating material which allows for electrical measurements of grown layers. This heteroepitaxial InSb technology has great potential for use in thermal imaging arrays.
The material was grown by molecular beam epitaxy ͑MBE͒ on 3 in. semi-insulating ͑001͒ GaAs substrates. The optimum growth conditions were determined as described elsewhere. [1] [2] [3] [4] Structural, electrical, and optical characteristics were measured to determine material quality. Structural characterization was performed using a five-crystal x-ray diffractometer. The resulting full widths at half-maxima ͑FWHM͒ obtained for a 10 m InSb epilayer on GaAs was 55 arcsec Ϯ3 across a 3 in. wafer. As expected, the x-ray FWHM decreased with epilayer thickness. Typical FWHM for standard 5 m samples were in the 100 arcsec range.
The electrical properties were determined using standard Hall measurements as well as B-field dependent Hall measurements. The initial samples were grown with six nines ͑99.9999%͒ pure Sb resulting in a measured background carrier concentration of nϭ10 16 cm Ϫ3 at 80 K. The mobility versus temperature curve showed typical n-type behavior with peak mobilities of ϳ100 000 cm 2 /V s at 80 K for samples of 3-5 m thickness as reported previously. [1] [2] [3] [4] However, when higher purity ͑seven nines͒ Sb source material was used, the measured background concentration was nϭ10 15 cm
Ϫ3
, and the peak electron mobility occurred at ϳ200 K. At lower temperatures, the measured electron mobility dropped drastically to ϳ3000 cm 2 /V s. The measured mobility versus temperature curve is shown in Fig. 1 for epilayers of 2.0, 5.0, and 9.2 m thickness with n ϭ10 15 cm Ϫ3 background concentration. Note that, at temperatures below the peak in mobility, the mobility drops off sharply. This does not necessarily imply that the material is of poorer quality than the previously grown material, but that the mobility measurement is being dominated by a low mobility parallel conduction channel, most likely the highly dislocated region near the InSb/GaAs heterointerface. In our analysis, we consider the conduction in the InSb layer to be determined by a highly dislocated interface layer, a high mobility bulklike layer, and possibly a surface inversion or accumulation layer. 5 To see if multiple conduction channels were indeed affecting the mobility measurements, several characteristics of such a system were investigated.
First, epilayers were doped at levels near 10 16 cm
. These layers showed 80 K mobilities back up to that obtained when six nines Sb source material was used. Previous work in optimizing InSb on GaAs mobility also required n-type doping to obtain high electron mobility at low temperatures. 6 Second, several samples were epoxied to glass slides epi side down, mechanically polished to remove the indium, and chemically etched to remove the GaAs substrate. as a result of the removal of the substrate. This process was performed on the samples shown in Fig. 1 . Much higher mobilities were obtained at 80 K than before the substrates were removed. The 5.0 m sample in Fig. 1 exhibited an 80 K mobility of ϳ100 000 cm 2 /V s, indicated by the dot inserted at 80 K. Before removal of the GaAs substrate, the 80 K mobility of this same sample was measured at ϳ3000 cm 2 /V s. At temperatures below Ϸ100 K for all three samples shown in Fig. 1 , the measured carrier concentration remained constant and the sheet density was essentially equal for all three samples. This implies that a thickness independent layer ͑the interface͒ is the dominant conduction channel at low temperatures.
Third, calculated mobility spectra obtained from B-field dependent Hall measurements were used to investigate the number and type of conduction channels in the epilayer. The spectra are calculated from B-field dependent Hall coefficient and conductivity data at various temperatures. 7, 8 The calculated mobility spectra for the 9.2 m sample at 100 and 210 K are shown in Fig. 2 . Peaks in the spectra indicate conduction channels; negative ͑positive͒ mobilities indicate n type ͑p type͒. As shown in Fig. 2͑a͒ , there are several conduction channels at 210 K, the dominant one being the high mobility (ϳ120 000 cm 2 /V s) channel which is most likely the bulklike layer. The low mobility peak is a result of the highly dislocated region at the InSb/GaAs interface. The middle n-type mobility (ϳ25 000 cm 2 /V s) may be due to a quasitwo dimensional surface accumulation layer. The positive mobility peaks in the spectra are artifacts that come about as a result of experimental error or from the assumption that the carrier density and mobility are independent of magnetic field. As shown in Fig. 2͑b͒ , at 100 K, the low mobility peak increases in relation to the high mobility peak, with a conductivity on the same order of magnitude as the bulklike layer. However, since the concentration (nϰ/) is higher for the low mobility layer, it is expected to dominate the mobility measurement at this temperature. This is indeed the case, as the measured mobility at 100 K is on the order of a few thousand cm 2 /V s. This drop in the conductivity of the bulklike layer is expected as the intrinsic carrier concentration drops with decreasing temperature.
Optical characterization was obtained from photoluminescence ͑PL͒ measurements and photoresponse spectra of the devices. The latter results will be reported elsewhere. Time resolved PL measurements were used to determine the carrier lifetime across epilayers grown on 3 in. GaAs wafers. Previous heteroepitaxial material resulted in carrier lifetimes on the order of 30 ns at 80 K. This material had visible oval defects most likely as a result of In spitting, but was otherwise mirrorlike. Recently grown material had a greatly reduced number of defects on the surface. Consequently, a 4.4-m-thick epilayer on a 3 in. GaAs substrate exhibited carrier lifetimes up to 240 ns at 80 K as shown in Fig. 3 . This is similar to that obtained in bulk InSb with a comparable doping level, 9 and is the highest reported carrier lifetime in heteroepitaxial InSb.
Heteroepitaxial InSb holds great promise for high quality infrared imaging without the need for InSb substrates. 
